Scleroderma, a chronic, progressive disorder, is characterized by dermal fibrosis with collagen bundles orientated parallel to the epidermis. Simple objective parameters to evaluate disease progression and therapies are needed. We describe two methods, the laser scatter method and the fast Fourier transform (FFT), to measure collagen bundle orientation and spacing. Lesional sclerodermic skin (LS), nonlesional sclerodermic skin (nonLS), and control skin (CS) sections were evaluated for orientation ratio using the laser scatter method. The FFT was used to calculate orientation ratio, variation, and spacing of collagen bundles. Parameters were correlated with local and mean skin score measurements, on a scale of 0 (normal) to 3 (severely sclerotic). With both the laser scatter method and the FFT, orientation ratios of LS (respectively, 2.16 Ϯ 0.33 and 1.83 Ϯ 0.62) were significantly higher than CS (respectively, 1.70 Ϯ 0.35 and 1.38 Ϯ 0.15). NonLS orientation ratios (respectively, 1.92 Ϯ 0.15 and 1.48 Ϯ 0.44) were between LS and CS ratios. Orientation variation and bundle spacing of LS (respectively, 57.3 Ϯ 19.4 and 15.7 Ϯ 5.6 m) were significantly reduced compared to CS (respectively, 73.8 Ϯ 15.0 and 18.9 Ϯ 1.9 m). NonLS orientation ratios (respectively, 57.2 Ϯ 29.0 and 15.6 Ϯ 6.1 m) were similar to LS. Bundles in LS are more parallel, show less variation in orientation, and are more densely packed than in CS. There was a linear correlation between mean skin score and orientation ratio. Local skin score was not linearly correlated to orientation ratio. Our findings suggest that nonLS dermis without clinical sclerosis already shows fibrotic characteristics. Both techniques were easy to use and suitable for objectifying dermal fibrosis in scleroderma lesions. FFT is more accurate and reproducible than the laser scatter method and allows simultaneous pathological evaluation of the location of the analyzed tissue sections. Future studies will need to focus on the correlation between clinical disease severity and collagen bundle characteristics. (Lab Invest 2000, 80:1281-1289.
S
cleroderma forms a spectrum of connective tissue disorders ranging from systemic sclerosis at one end to the so-called overlap syndromes in the middle, and localized scleroderma, also known as morphea, at the other end (Haustein and Anderegg, 1998) . The pathogenesis is as yet unknown, but the activation of T lymphocytes, possibly through abnormal T cell receptors and super-and/or auto antigens, seems to play a major role in the increase of collagen and the vascular damage so typical of sclerodermic lesions (Furst and Clements, 1996) . Moreover, there is a genetic predisposition for scleroderma in individuals with HLA-DR5, -DR8, and -DR11 genotypes (Okun et al, 1988) . Damage to genetic material might be another cause of scleroderma (Furst and Clements, 1996) . Toxic agents related to systemic sclerosis are aromatic hydrocarbons, silica, and drugs like penicillamine and L-tryptophan. Recently, mast cells (Akimoto et al, 1998) and fetal stem cells in the maternal circulation after childbirth have been addressed as possible determinants in the development of scleroderma (Artlett et al, 1998) .
One of the main criteria of scleroderma is fibrosis of the dermal layer. Early clinical manifestations consist of ill-defined plaques of edema and erythema. Gradually, the distinct dermatological entity with sharply defined plaques of thickened, shiny, white, tanned, smooth centers arise. The margins can be characterized by a lilac ring that implies inflammation and probable progression of the disease.
Histologically, sclerosis is characterized in the early stages by an inflammatory cellular infiltrate composed of lymphocytes, macrophages, mast cells, eosinophils, and plasma cells (Guitart et al, 1996) . With time, collagen bundles become broadened and closely packed and the dermis as a whole thickens. In normal skin, collagen bundles show a three-dimensional basket-weave pattern, whereas in scleroderma lesions, the collagen bundles are oriented parallel to the epidermis (Hamilton, 1967; Guitart et al,1996) . The subcutaneous and periappendicular fat, as well as skin appendages, are progressively lost and replaced by collagen bundles.
To determine the severity of sclerodermic lesions, the skin score is a widely used subjective measure. It represents the induration or loss of elasticity assessed in a body area. The local skin score is estimated by pinching a skin fold in one area and scoring it on a scale of 0 to 3, indicating, respectively, no sclerosis to severe sclerosis (Enomoto et al, 1999) . The mean skin score is the average of the total body surface subdivided into 74 areas. Because the clinical course of scleroderma is unpredictable and the treatment is still the subject of clinical trials, objective parameters are needed for reporting disease progression and to evaluate therapies. Several devices to objectify skin elasticity in sclerodermic lesions have been developed. One of the devices used in our clinic, called the cutometer, exerts a controlled vacuum over the skin. The extent of deformation is determined by a noncontact optical measuring system (Enomoto et al, 1996) . Dermal thickness can be measured with high frequency ultrasound (Hoffmann et al, 1991) and nuclear magnetic resonance imaging (Richard et al, 1991) . Objective histologic evaluation can be performed by measuring the amount of collagen in standard skin biopsy specimens. These methods consist of weighing and histometric methods (Dykes and Marks, 1977; Rodnan et al, 1979) , which are inaccurate, and biochemical assays (Zachariae et al, 1989) , which are elaborate.
In this paper we describe two techniques, the laser scatter method and the fast Fourier transform (FFT), for measuring the severity of dermal sclerosis based on the architecture of the collagen bundles. These two methods are compared with the mean and local skin score. The laser scatter method was developed by Yannas and Ferdman to register the grade of organization in scars of deep dermal wounds (Ferdman and Yannas, 1993) . The overall orientation of collagen bundles in fibrotic tissue was quantified using the laser light scatter characteristics of fibrotic tissue. In a previous study, we used this method to evaluate the effect of different dermal substitutes in wound healing (de Vries et al, 1995a) . Like mature scar tissue, sclerodermic lesions are also characterized by parallel collagen bundles (Okun et al, 1988; de Vries et al, 1995b) .
The FFT is a mathematical analog of the laser scatter plot. It calculates orientation and spacing in an image. The periodicity and the orientation of structures, such as collagen bundles, can be represented as a power plot of the FFT of an image (Russ, 1995) . Interpretation of the power plot is much easier and more accurate than trying to extract the same information from the original image, because all the spacings and orientations are effectively averaged in a frequency domain. The FFT allows measurement of spacing and orientation of collagen bundles, as well as a histopathologic evaluation of the same location. This simultaneous evaluation is not possible with the laser scatter method. FFT has been used for the evaluation of dermal architecture in scar tissue (van Zuijlen et al, 1998) , and proves to be a simple, objective, and reproducible method for analyzing the severity of fibrosis in tissue sections from scleroderma lesions.
Results

Patient Population
Twenty patients, 17 women and 3 men, were included in the study (Table 1) . A total of 35 biopsies were collected, both lesional (n ϭ 23) and nonlesional (n ϭ 12). The mean age of the scleroderma patient group was 46.6 Ϯ 16.2 years. Disease duration at the time of the first biopsy collection was 24.4 Ϯ 23.6 months. Eleven biopsies, collected from persons without fibrotic or sclerotic skin conditions, served as control.
Histology
Lesional sclerodermic skin (LS) (Fig. 1a) showed the typical densely packed arrangement of collagen bundles parallel to the epidermis. Skin appendages, like hair follicles and glandular structures, were absent. Dermal capillaries were characterized by thickened capillary walls. The dermal compartment as a whole was increased and subcutaneous fat decreased compared with control skin (CS).
In nonlesional sclerodermic skin (nonLS), the dermal thickness was increased to a lesser extent than in LS biopsies. Periappendicular fat was decreased, but skin appendages were present. It was difficult to evaluate the orientation of collagen bundles compared with LS and CS biopsies.
Unaffected CS (Fig. 1b) was characterized by dermal tissue with a randomly oriented, basket-weave network of collagen bundles. Skin appendages were abundantly present, surrounded with loosely arranged fat tissue.
The Laser Scatter Method
The dermis of LS (Fig. 2a) showed a higher orientation ratio than CS (Fig. 2b) , respectively, 2.16 Ϯ 0.33 and 1.70 Ϯ 0.35; pϭ0.005 (Table 2 ). This indicates that the collagen bundles in sclerodermic skin show a more parallel alignment than do collagen bundles in normal dermis. No significant differences in orientation ratio were found between LS and nonLS (1.92 Ϯ 0.15), nor between nonLS and CS.
Fast Fourier Transform
Because of the fluorescent properties of eosin, which stains the collagen bundles, the confocal laser scanning microscope selectively images these bundles without interference from the hematoxylin-stained structures (ie, nuclei). The highly parallel orientation of collagen bundles in LS biopsies can be appreciated de Vries et al ( Fig. 3a) , as well as the basket-weave structure of collagen bundles in the CS biopsies (Fig. 3b) .
The power plot of an FFT of the LS biopsies showed two first-order maxima oriented along a line perpendicular to the collagen bundle orientation (Fig. 4a) . The power plot of the CS biopsies showed an oval without obvious maxima, indicating a random orientation (Fig.  4b) .
Results similar to those found with the laser scatter method were obtained with the FFT. LS showed a significantly higher orientation ratio than CS (respectively, 1.83 Ϯ 0.62 and 1.38 Ϯ 0.15; pϭ0.002; Table 2), and no significant difference was found in orientation ratio between LS and nonLS (1.48 Ϯ 0.44), nor between nonLS and CS. With both techniques, the orientation ratio of the nonLS group was consistently lower than the LS and higher than the CS group.
Orientation Variation and Collagen Bundle Spacing
In both LS and nonLS biopsies, the orientation variation of the collagen bundles in relation to the epidermis was similar (respectively, 57.3 Ϯ 19.4 and 57.2 Ϯ 29.0; Table 3 ). In CS (73.8 Ϯ 15.0), the orientation variation of collagen bundles was significantly larger than LS ( pϭ0.03) . No significant difference was found between CS and nonLS ( p ϭ 0.15). These findings indicate that in LS and nonLS, the orientation of collagen bundles can be found within a smaller range than in unaffected skin.
Bundle spacing represents the center-to-center distance between collagen bundles, and reflects the den- sity in the dermal layer. A low spacing value correlates with high bundle density and vice versa. Bundle spacing was comparable for the LS and nonLS group (respectively, 15.7 Ϯ 5.6 and 15.6 Ϯ 6.1) but was higher in the control group (CS is 18.9 Ϯ 1.9). There was a significant difference between LS and CS ( pϭ0.03), but not between nonLS and CS ( p ϭ 0.14). These data prove that collagen bundles in LS are more densely packed than in unaffected skin, and the bundle density in nonLS is increased. Laser scatter images. a) LS produces an elongated scatter plot, indicating a higher orientation of collagen bundles than CS. b) CS produces a circular scatter plot caused by the randomly oriented collagen bundles.
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Skin Score
FFT data (orientation ratio, orientation variation, and bundle spacing) were related to the mean skin score (Table 4) and to the local skin score results from the corresponding biopsy areas (Table 5) . Mean skin scores were divided into three groups: skin score 0, skin scores 0 to 0.5, and skin scores higher than 0.50. There was a linear correlation between orientation ratio and mean skin score group (respectively, 1.41 Ϯ 0.11, 1.82 Ϯ 0.68, and 1.95 Ϯ 0.74; Table 4 ). With Spearman's rank test, a 0.5 correlation coefficient was found and is significant at the 0.01 level (two-tailed). No significant relationships were found for orientation variation and bundle spacing. The orientation ratio in the local skin score 0 group (1.36 Ϯ 0.14) differed significantly from the local skin score 1 to 3 groups (respectively, 2.08 Ϯ 0.83, pϭ0.02; 1.70 Ϯ 0.24, pϭ0.004; and 1.95 Ϯ 0.88, pϭ0.07; Table 5 ). No linear correlation was observed between orientation ratio and the severity of skin scores, but the Spearman's rank correlation coefficient was 0.6 with a 0.01 significancy level (two-tailed). No significant relationships were found for orientation variation and bundle spacing.
Discussion
In skin biology, processes like aging and scar formation alter the dermal organization. Skin diseases like scleroderma and lichen sclerosus affect the dermal collagen bundle architecture. The two analysis methods described in this article, the laser scatter method and the FFT, may provide information on the development, gradation, and prognosis of sclerotic processes. The laser scatter method was previously used to evaluate scar formation in experimental wounds in guinea pigs (Ferdman and Yannas, 1993) and in humans (de Vries et al, 1995a) . We demonstrate the use of the FFT to quantify the architecture of dermis at the level of collagen bundles.
The laser scatter method and the FFT proved to be easy-to-use tools to discriminate between normally organized and sclerotic dermal tissue. Tissue slides from routine formaldehyde-fixed skin biopsies suffice. For the FFT, a personal computer with commercially available image analysis software and a fluorescence microscope equipped with a digital camera with frame grabber are the main research tools. Normal bright field microscopic images of hematoxylin-eosinstained material are not really suitable for FFT analysis because the hematoxylin-stained nuclei dominate the image and are consequently conspicuous in the power plot. Using the fluorescent properties of eosin eliminates this problem. We used a confocal microscope for data acquisition because it was available and convenient for digitizing the images, but a normal fluorescence microscope works just as well. The laser scatter method can be performed with a standard laser source, a simple optical bench arrangement plus a digital camera, a personal computer, and image analysis software.
The FFT proved to be a more accurate method for the evaluation of fibrosis than the laser scatter method. The latter does not allow exact positioning of the laser beam, and simultaneous microscopic monitoring of the target area is not possible. The FFT is performed on digitized microscopic images that allow the investigator to accurately determine the position and size of the area to be analyzed.
In both the laser scatter method and the FFT, LS showed a more extensive parallel orientation of collagen bundles than unaffected CS. This was revealed by the orientation ratio observations ( Table 2 ). The orientation variation, that is, the variation of the bundle orientation in relation to the epidermis, was signifi- (Table 3 ). This finding indicates that there is less variation in the organization of collagen bundles in LS. Bundle spacing, or center-to-center distance of the collagen bundles, was significantly lower in LS dermis compared with CS dermis (Table 3) . Thus it can be concluded that the collagen bundles in sclerotic skin are more densely packed than in unaffected CS. Using FFT and the laser scatter method, we found indications that in the dermal layer of clinically unsuspected nonLS, the collagen bundle structure shows some alterations that indicate early fibrosis. Although the results are not significant because of the small number of samples, the orientation ratio found with both methods showed increased alignment of collagen bundles in nonLS biopsies compared with CS biopsies, but less alignment than in LS biopsies. More evidence of early changes in nonLS was supplied by the observations on orientation variation and bundle spacing. For nonLS as well as for LS, both parameters were of similar magnitude. The orientation variation and bundle spacing values of nonLS also differed from the CS group, although not significantly. It is assumed that fibrosis in scleroderma is a gradual process. Our findings support this assumption; nonLS without the clinical signs of sclerosis already shows some dermal characteristics similar to sclerodermic skin.
Orientation ratio, orientation variation, and bundle spacing as measured with the FFT were related to the skin score data. A positive linear correlation was found between mean skin score and the orientation ratio (Table 4) . Although the correlation coefficient was not strong (Spearman's rank 0.5, p Ͻ 0.01, two-tailed), this finding supports our hypothesis that the objective parameters as described in this article can be related to the overall clinical severity of sclerodermic skin. No correlation was found among orientation variation, bundle spacing, and local or mean skin score. No linear relationship between local skin score and FFT orientation ratio was found, but Spearman's rank test detected a significant correlation coefficient of 0.6 ( p Ͻ 0.01, two-tailed) (Table 5) .
That only weak correlations were detected between skin score values and orientation ratio could be attributed to the small sample size of the skin score groups, which would also explain the large standard deviation. It also seems that the clinical skin scores are not equidistant. In a previous study, skin elasticity values were compared to skin scores (Enomoto et al, 1996) . The difference in skin elasticity between skin score 0 (normal skin) and skin score 1 was larger than the difference between skin score 1 and 2, or between skin score 2 and 3. The same phenomenon seems to take place in the observations on collagen bundle characteristics. In the skin score 1 group, collagen bundles show distinctive parallel orientation; in skin score groups 2 and 3, the parallel orientation is only slightly increased. The subjective discrimination made between skin scores 1 to 3 could be caused by aspects other than collagen bundle characteristics, for example, dermal edema. Using high-frequency echography as a clinical parameter instead of the subjective skin score method might reveal more appropriate correlations between the collagen bundle characteristics and disease severity.
For orientation variation or bundle spacing, no significant differences were found between the various skin score groups. These findings could be attributed to the substantial within-or between-observer variation that characterizes and hampers the skin score method (Pope et al, 1995) . For day-to-day clinical use, it will remain a first choice technique for assessing sclerosis, but when greater accuracy is required, the skin score method does not suffice.
In conclusion, both methods are suitable for objectifying collagen bundle structure and discriminating between fibrotic dermis and normal organized dermis, but the FFT proves to be more accurate and reproducible than the laser scatter method. Future studies will need to focus on the relationship between clinical disease severity and collagen bundle characteristics, possibly with more accurate methods to score disease severity, like high frequency echography.
Materials and Methods
Punch biopsies (4 mm) were collected from patients with a histologically and clinically confirmed systemic scleroderma diagnosis. Biopsies from patients without a fibrotic or sclerotic skin condition served as controls. Three groups were formed: 1) lesional scleroderma skin, and 2) nonlesional scleroderma skin, both derived from scleroderma patients; and 3) control skin from patients without a fibrotic or sclerotic skin condition. Tissue sections (7 m) were cut from formalinfixed, paraffin-embedded biopsies and stained with hematoxylin-eosin.
The Laser Scatter Method
Because of its wave characteristics, monochromatic light passing through a fine grid of parallel lines will be diffracted in preferential directions. When projected on a screen, a specific pattern of light peaks will occur perpendicular to the direction of the grid lines. A tissue section from dermal tissue can be interpreted as a grid. Normal dermis with its randomly oriented collagen bundles diffracts light in no preferential direction, causing a circular scatter pattern. The parallel collagen bundles in sclerotic tissue cause a light scatter pattern with a preferential direction perpendicular to the direction of these fibers. As a result, an elongated ovalshaped scatter pattern will occur.
The laser scatter method was performed as previously described (de Vries et al, 1995a) . In short, a 3-mW helium/neon laser (Uniphase, Manteca, California) was mounted on an optical bench. To create a gaussian beam of suitable diameter (Ϯ 100 m) a spatial filter was constructed from two achromatic convex lenses with different focal lengths, and a 100-m pinhole. A slide holder and a white paper screen were placed in line with the laser, and the scatter patterns were recorded with a black and white CCD camera (model VC-2512; Sanyo, Japan) con- nected to a computer image analyzer (Quantimet 500; Leica, Cambridge, United Kingdom). The light threshold of the image analyzer was standardized, and the maximum length and maximum breadth of each scatter pattern were automatically calculated.
The Fast Fourier Transform
Images (794 ϫ 794 m) were acquired with a confocal laser scanning microscope (Leica Micro Optics, Heidelberg, Germany) with a 6.3 ϫ 0.2 objective and a 50 m pinhole using the fluorescent properties of eosin (excitation wave length 488 nm, emission wave length Ͼ580 m). This ensured a constant contrastbrightness index for all images independent of staining, and a constant optical section thickness (approximately 2 m). This also guaranteed that the hematoxylin-stained nuclei, which dominate a conventional bright field image, were not imaged at all. The epidermis was always oriented parallel to the x-axis of the image.
Analysis of the images was performed with the FFT module of the Leica Qwin image analysis software (Leica). From each image, the FFT and its first-order power plots were calculated to provide an estimate of the orientation ratio in the image, the orientation variation, and the bundle spacing (Fig. 5) . The orientation ratio corresponds to the length to breadth ratio of the first-order maximum of the power plot. Randomly oriented collagen bundles will evoke an orientation ratio approaching 1, parallel collagen bundles a ratio greater than 1. The orientation variation corresponds to the angle over which the collagen bundles are oriented in the skin; in the power plot of an image, it is the angle between the tangent along the first-order maximum and the center of the power plot (Fig. 5) . Bundle spacing corresponds to the reciprocal of the distance from the center of the power plot to the center of the first-order maximum.
Skin Score
Results from the laser scatter method and FFT were compared with the local skin score obtained in the skin region where the punch biopsy was taken. Skin score was assessed by a trained observer by palpation using the Rodnan modification for assessing cutaneous sclerosis on a 0 to 3 scale (0ϭno sclerosis, 1ϭmild, 2ϭmoderate, and 3ϭsevere), as previously described (Enomoto et al, 1996) . The mean skin score is the sum of the 74 local skin scores divided by the number of regions (n ϭ 74). For comparison with collagen bundles, the continuum of mean skin scores was divided into three groups:1) mean skin score 0 (n ϭ 16); 2) mean skin score 0.01 to 0.49 (n ϭ 12); and 3) mean skin score 0.50 to 2.00 (n ϭ 7).
All statistical differences were tested with the unpaired Student's t test. The two-tailed Spearman's rank test was used to detect a correlation between two groups. Interpretation of the Fourier power plots. Confocal scanning laser microscopy images of the dermis were used to calculate the FFT and corresponding first-order power plots. The orientation ratio corresponds to the ratio a/b. Orientation variation corresponds to the angle tan 1/2␣ formed by the two lines, as shown. Bundle spacing corresponds to the distance c between the center of the power plot and the centroid of the first-order maximum. a, Length of the first-order maximum; b, breadth of the first-order maximum; c, distance between the center of the power plot and the centroid of the first-order maximum. The two converging lines are a line through the center of the power plot and the centroid of the first-order maximum, and a line through the center of the power plot and along the edge of the first-order maximum.
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